ABSTRACT This paper proposes a new high-performance light-emitting diode (LED) converter with separation of the AC and DC driving parts for a T8 LED tube. The proposed LED converter is mounted at the end of the LED tube in G13 base and G13 base dummy. The separation of the AC and DC driving parts enhances the light uniformity of the LED tube by securing the optical distance between the optic cover and light source. The AC driving part was designed to be inserted in a G13 base and was connected with the DC driving part through an LED module. The proposed LED converter is based on single-stage buck-boost topology and was designed for the operation at 19 W for a 1200 mm T8 LED tube. The proposed LED converter is very small and has fewer parts than other LED converters but still has high performance. The measurement results of the proposed LED converter show that the line regulation of the LED output current is less than 3.4% at 100-240 VAC and achieves high circuit efficiency (>89%), high power factor (>0.93), and low total harmonic distortion (<9%). In addition, all the current harmonics of the converter meet the requirements of the IEC 61000-3-2 Class C standards for high-performance LED lighting applications.
I. INTRODUCTION
Light-emitting diodes (LEDS) have been widely used in lighting applications due to the advantages of high luminous efficacy, low power consumption, long lifetime, and ecofriendliness. Many LED retrofit lamps have been developed, such as LED candles, LED bulbs, and LED tubes. These are gradually replacing conventional lighting, such as incandescent lamps and fluorescent lamps [1] , [2] . LED tubes are a type of LED retrofit lamp with various lamp bases and are used to replace traditional fluorescent tubes. There are many kinds of LED tubes, which have different lamp lengths, lamp diameters, and bases. Fig. 1(b) shows a longitudinal view of a conventional T8 LED tube, which is composed of various parts. For installation on a luminaire, there is a G13 base and a G13 dummy on both sides of the LED tube, which has a semi-circular metal heatsink inside it with an LED module.
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It is assembled with an optic cover and contains an LED converter. Generally, the heatsink of the LED tube plays three roles: removing heat from the LED module, preventing the LED tube from bending, and enclosing the LED converter.
However, there are some problems in a conventional LED tube. First, as the length of the LED tube increases, the weight of the product increases sharply because of the heatsink. Second, the space inside the heatsink is very small, so the selection of parts of the LED converter on a printed circuit board (PCB) is limited. The LED converter must also be insulated from the heatsink. Above all, it is difficult to obtain enough optical distance for uniform light diffusion due to the height of the LED converter, which makes a hot spot on the optic cover and decreases the light uniformity. As shown in Fig. 1(a) , there is trade-off relation between the optical distance and the height of the LED converter. To achieve good uniformity without a hot spot, an optic cover with higher haze needs to be applied, or more LEDs need to be mounted on the PCB, which increases the total cost [3] - [6] . To overcome these problems while maintaining high performance, this paper proposes a new single-stage buck-boost LED converter with separation of the AC and DC driving parts for a T8 LED tube. It features small size and fits in a G13 base and G13 dummy, which has a 28 mm diameter, high efficiency, and high PF. In section II, the mechanical design of the proposed LED converter is described in detail, and in Section III, the electrical design is explained. In Section IV, the experimental results are discussed, and finally, the conclusions are given in Section V.
II. MECHANICAL DESIGN
A. AC AND DC DRIVING PART SEPARATION Fig. 2(b) shows the longitudinal sectional view of a T8 LED tube with the proposed LED converter. It consists of a metal heatsink with an LED module inside and an optical enclosure. The AC and DC driving parts are inserted in the G13 base and G13 base dummy, respectively. The proposed LED converter is located at both sides of the LED tube.
By using the AC and DC driving parts separation, as shown in Fig. 2(a) , the heatsink size is minimized to obtain a higher optical distance without having a critical influence on the heat radiation of the LED module. Although the two driving parts are disconnected, they are electrically connected to each other through the LED module. As shown in Fig. 3 , VDC is rectified by a bridge rectifier from the input AC line in the AC driving part and is transferred to the DC link capacitor in the DC driving part through the copper patterns on the LED PCB. The DC driving part generates a constant current that is supplied to the LED arrays. Fig. 4 presents a block diagram of the proposed LED converter, which is composed of many function blocks. With consideration for the circuit function and size, the proposed LED converter is divided into AC and DC driving parts. The AC driving part consists of the AC input, a line filter block made of some capacitors and coils for noise suppression, a rectifier block, and some safety components. The DC driving part is composed of an inductor, a switching block with gate control circuitry, and a capacitor block for smoothing the LED output voltage. . 5 shows the PCB outlines of the AC and DC driving parts. The PCB for the AC driving part is made of a single-sided CEM-3 with 1T thickness and an area of 18 mm × 42 mm (W×L). For the DC driving part, the PCB is made of double-sided FR-4 with 1T thickness and an area of 18 mm × 45 mm (W×L). Fig. 6 shows a side view of the assembled prototype. In the AC driving part, all of the components mounted on the top side are manually inserted parts except the bridge rectifier on the bottom side of the PCB. However, most of the components in the DC driving part are surface-mount devices (SMDs) on the bottom side of the PCB except the inductor, MOSFET, and some capacitors. Each driving part is enclosed by the G13 base and G13 base dummy for insulation and must be designed to fit inside an LED tube with diameter limited to 28 mm or less according FIGURE 6. Side view of (a) the AC driving part prototype, (b) the DC driving part prototype.
B. MOUNT STRUCTURE INSIDE OF THE G13 ENCLOSURE
to the IEC standards [7] . As shown in Fig. 6 , the maximum height is not more than 20 mm. Table 1 presents the outline information of the main components in each driving part. For the minimized and customized design, small parts were selected to mount them on the G13 enclosure. According to the design calculation, the maximum heights of the AC and DC driving parts are 18 mm and 17.4 mm, respectively, including the PCB thickness and lead wire or SMD parts on the bottom side of the PCB. Fig. 7 shows a simplified circuit diagram of the proposed LED converter using a single-stage buck-boost topology, which is operated in discontinuous current mode (DCM). The AC driving part includes a full-bridge rectifier BD and a DC link capacitor C DC1 . The DC driving part includes a DC link capacitor C DC2 , a switch Q, an inductor L, a diode D, and an output capacitor C O . An AC voltage with line frequency is applied to the bridge diode through the AC line filter to attenuate the conducted noise or radio frequency. A positive VOLUME 7, 2019 full-wave sinusoidal voltage is rectified by a bridge rectifier and transferred to the DC link capacitors C DC1 and C DC2 .
III. ELECTRICAL DESIGN A. CIRCUIT CONFIGURATION AND OPERATION PRINCIPLE
During the turn-on time of the MOSFET Q, the input energy from the DC link capacitors is stored in the inductor. For the turn-off time, it is transferred to the output capacitor C O , which is an electrolytic capacitor that is used to supply a current for the LEDs. Since there is a single stage, the output voltage and current have double line frequency ripple. Therefore, a large output capacitance should be chosen to reduce the ripple within the size limit of the converter. The circuit can also be simplified by adopting primary side regulation while removing the photocoupler and secondary feedback control components.
For the PFC operation to obtain high PF and low THD, the switch is controlled when the frequency is too high compared to the line frequency, and the average input current can be made to be sinusoidal and almost the same as the input voltage by using pulse frequency modulation (PFM) [8] - [11] . It is operated at 40-75 kHz in this experiment. Fig. 8 shows the theoretical waveforms of the single-stage buck-boost operated in DCM [12] - [14] . It can be seen that the input current follows the sinusoidal waveform of the input voltage for the basic PFC operation. As a result, a good power factor close unity can be obtained.
B. PARAMETER DESIGN OF THE PROPOSED LED CONVERTER
The rectified input waveform of the single-stage buckboost in a period and waveform of key components is illustrated in Fig. 8(a)-(b) . Some assumptions are made to design the appropriate parameters of the proposed LED converter [2] , [9] . First, all the components are ideal, and the parasitic components are ignored. Second, the DC link capacitor is sufficiently small such that V DC is almost the same as the rectified full wave. Third, the switching frequency is much higher than the input line frequency. Therefore, the input voltage is almost constant within a switching cycle. Lastly, half of the line period is only considered (0 <t<T L /2) because of the rectified waveform.
As shown in Fig. 8(a)-(b) , the input voltage v IN and input peak current i PK are defined as:
The single-stage buck-boost LED converter using the PFM method is always operated in DCM. Therefore, the input current i IN is:
There are three stages during the discontinuous current mode operation in one switching cycle. The first two stages are the switch turn-on and the diode turn-on stage where current flows through the inductor. The remaining stage is the idle state where no more current flows [2] , [12] - [15] . Therefore, the time in one switching cycle can be divided into three parts: switch-on time, diode-on time, and idle time, which are defined as T1, T2, and T3 in Fig. 8(f) , respectively:
where D 1 , D 2 , D 3 , and L are the duty ratios of each time and the inductance of the inductor, respectively. From the above equations, equation (6) is derived as:
Equations (6) and (7) show that the input current has a sinusoidal shape and has the same phase as the input voltage [2] , [12] , [13] . Furthermore, from the equations, the key component parameters can be chosen for various in input voltage conditions. For the next step, the power efficiency should be considered to find the output current. The input power from the AC line is the sum of the power transferred to the LED arrays and the power dissipated in the circuit, P IN = P O (P LED + P Dissipation ), which can be expressed using the power efficiency η eff :
where R IN is the equivalent input resistance defined by the division of equations (2) and (7), and R O is the equivalent output resistance determined by V O and I O [2] , [13] - [16] . Using equations (1), (7), and (10), the instantaneous value of the output current is calculated as:
Equation (12) is derived from equation (11) using the sum and difference formulas for the cosine. As shown in equation (12), the output current and output voltage always have double line frequency ripple [10] , [17] , [18] . Therefore, it is important that a large output capacitance is applied to reduce the peak-to-peak value of the output voltage while considering the output capacitor size. Finally, the average output current is:
Therefore, from equation (13), constant output current can be perfectly obtained with various parameter designs. DCM operation should be considered to choose the inductance of the main inductor. To ensure DCM operation in the whole range of the input and output conditions, times T1 and T2 should satisfy the following: (14) Equation (13) can be substituted with the duty ratios D 1 and D 2 as below:
The sum of D 1 and D 2 should always be less than 1 because the idle time T 3 should not be zero. By the volt-second law,
By substituting equation (16) into equation (15), inequality (15) becomes:
Using equations (1), (7), and (10), D 1 can be derived as follows:
Therefore, combining equations (17) and (18) and rearranging for L results in:
The inductance at the switching frequency f SW (1/T SW ) is then obtained as:
Consequently, the inductance can be found to maintain DCM operation from equation (20) . The minimum inductance will be determined at V O_MAX , V IN_MIN , and f SW_MAX [12] - [14] . The inductance must be selected carefully as a marginal value since the equation was simplified by ignoring various values such as the diode voltage drop and parasitic resistance.
After finding the inductance value, the allowed output current and voltage ripple should be considered to choose the appropriate output capacitance. To achieve a percent flicker specification less than 30%, the allowable peak-to-peak value of the unit LED current, I LED_PP , should be determined from the luminous intensity and current relation curve on the LED datasheet [19] - [21] . I LED_PP is:
which means that I LED_MAX is the current value at 15% higher luminous intensity, and I LED_MIN is the current value at 15% lower luminous intensity.
The peak-to-peak value of the unit LED voltage, V LED_PP , is determined from the V-I characteristics curve. The peakto-peak value of the output voltage is given by equation (23) , where N S is the number of LEDs in series [19] , [24] . The output capacitance can be found as follows:
Finally, the output capacitance is determined at the minimum line frequency of 50 Hz. A large capacitance should be used to obtain good flicker performance. However, it should be carefully applied to consider the flicker performance and size since the size of the capacitor increases as the capacitance rises.
IV. EXPERIMENTAL RESULTS
For the experiment, a prototype was designed based on a DCM single-stage buck-boost topology with separation of the AC and DC driving parts for a 19-W T8 LED tube. Table 2 shows the specifications and key component values of the proposed LED converter. The number of LEDs is determined by the requirement of the optical performance. Thus, the output voltage is 196 V when using 66 LEDs in series. The waveform of the input voltage and current in each condition was measured, as shown in Fig. 9 . The input current is exactly a sinusoidal waveform that follows the input voltage. The power factor correction operation with constant current control works well. Fig. 10 illustrates the waveform of the output voltage and current. As explained in the prior section, the double line frequency and peak-to-peak values are determined by the output capacitance and LED I-V characteristics. The design was meant to achieve percent flicker less than 30%, and as a result, the peak-to-peak current is about 60 mA.
The measured power efficiency according to the input voltage is shown in Fig. 11 . The circuit efficiency is more than 89% throughout the range of 100-240 VAC, and there is almost no difference between 50 Hz and 60 Hz. Particularly, the measured results show that the circuit efficiency is slightly better around the middle of the input voltage range because the regulation of the output current is better than at lower or higher input voltages. Fig. 12 shows the measured output current from the proposed LED converter to the LED module using 66 LEDs in series. The average measured output current and its standard deviation were 89.3 mA and 1.7 mA, respectively. The positive and negative maximum deviations from the average output current were calculated as +3.1 mA (3.36%) and -2.7 mA (3.02%) at 50 Hz and 60 Hz. This is good performance with primary side regulation since the power consumption tolerance is usually permitted ±10%. The power factor is defined as the ratio of the real power that is used to turn on the LED tube to the apparent power that is provided to circuit:
The power factor is dimensionless and ranges from 0 to 1. A power factor close to 1 indicates the voltage and current have almost the same phase. Fig. 13 shows the measured power factor in the range of 100-240 VAC. The measured value is higher than 0.93 under all input conditions and slightly decreases as the input voltage increases. Fig. 14 shows the measured total harmonic distortion of the proposed LED converter, which is less than 9% under all input conditions. The values of THD at 100 VAC are 8.77% and 8.82% at 50 Hz and 60 Hz, respectively. At 240 VAC, the values are 5.55% at 50 Hz and 6.62% at 60 Hz, respectively. Therefore, it is suitable for a high-performance LED tube. Fig. 15 shows the measured results of the harmonic current under various operation conditions. The maximum VOLUME 7, 2019 permissible harmonic current from the IEC 61000-3-2 Class C standard for less than 25 W for lighting is presented with a gray bar [25] . The measured current is significantly lower than the IEC specifications in all conditions.
V. CONCLUSION
In this paper, a new high-performance LED converter has been proposed to solve various problems of a conventional T8 LED tube. The proposed LED converter adopts separation of the AC and DC driving parts for light uniformity and a single-stage buck-boost topology for a wide input rage. A prototype for a 19 W T8 LED tube was successfully manufactured to verify the high performance. The outline of the proposed LED converter was 18 mm × 42mm × 20 mm (W×L×H) for the AC driving part and 18 mm × 45 mm × 20 mm (W×L×H) for the DC driving part, which were optimized to be inserted in a G13 base and G13 base dummy, respectively. The experimental results showed that the line regulation of the LED output current was less than 3.4% at 100-240 VAC and achieved high circuit efficiency (>89%), a high power factor (>0.93), and low total harmonic distortion (<9%). In addition, all the current harmonics of the proposed LED converter met the requirements of the IEC 61000-3-2 Class C standard at input voltages of 100 VAC and 240 VAC for high-performance LED lighting applications.
